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Foreword

The quality and scceptance of stored food is strongly affected by
its temperature history in storage and transat

Between 1952 and 1958 the Environmental Protection Division,
predecessor of the present Earth Science Laboratory, studied such
temperatures in warchouses, poxcars, and storage dumps Comparative
food storage temperatures in boxcars were studied at Yuma, Arizons,
and Cameron Station, Virginia, and a preliminary report of exbtremes was
submitted on the Yuma data

The present report is the result of a steady demand for more detailed
storage temperature data, the need to analyze the Cameron Station data,
and the availability of computer facilities and programmng at US Army
Natick Iaboratories

The observations were made in 1953 and the data reduction and
analysis during 1963 and 1964

The work was done under Project 1K0-14501-AT1C, Food Research,

and T-83-005-~004A, Environmental Requirements for Design of Military
Ttems
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Abstract

This report contains the detsaailed compute; analysis of the fre-
guencres, means and standard deviations of temperature observations
made at 18 positions located in empty and loaded boxcars (two at each
location) at both Yuma, Arizons and Cameron Station, Virginia
(Weshington, DC).

It is a comparative study of storage temperature distribution in
storage alr and in food In storage cartons in a desert subtropical
versus & humd subtropircal climate

Detarled analysis of outer and inner wall surface temperatures is
also reported.

The effect of both radiation and heat barrier insulation is a
reduction of maximum temperatures by 10-150F and mean temperatures by
5 ¥ in the more severe Yums storage Foil-faced kraft paper is as
effective as more expensive types of insulation

The temperature distribution data are reported both graphically
and in tsbles for each position for the total period and for separate
weeks

Storage temperature weekly means are shown to be highly correlated
with outside air temperature mesns.

It is shown that if an empirical food degradation-temperature
relationship is known, storage life in boxcars mey be predicted.

Since the predictive relation between mean storage air temperature
and outside air temperature appears similer at Yums and Cameron, one
may make moderately dependable predictions of food storage life or of
effective temperature for laboratory simulation of food storage in
boxcars at widely different locations and exposures
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Introduction

A Purpose of the Study

During the summer of 1953, comparative studies of high storage
temperatures in boxcars were carried out from April through September
by the Environmental Protection Divasionl at Yume, Arizona - a desert
subtropical station - and from June through August at Cameron Statione,
Virginia - a humd subtroprcal station. It was known that Yuma was in
an area with conditiong favorable to extreme heat accumlation in
storage spaces However, 1t was planned to compare the relations of
inside to outside conditions found at Yuma with those at a more moderate
site, and one with higher water vapor content in the lower atmosphere
Thus, 1f the relations developed at Yume were similar to those found at
Cameron, therr generglity would be much increased

A short preliminary report of the extremes found in the Yums por-
tion of the boxcar study was made at the time of the study (1) ‘The
present extensive analysis is the result of a continued demand for more
detailed temperature dats i1n food storage and transit and of the present
availability of large scale computer analysis at US Army Natick Labora-
tories. Simlar detailed computer studies of warehouse and dump
storage data were also prepared (2, 3).

B. BScope of the Study

At both stations, it was planned to expose identical types of
boxcars, with 1dentical loads of packaged food. It was also planmned
to expose identical empty cars, and, i1n addition, to make measurements
of car wall surface itemperatures and of the effect of reflective in-
sulation placed over the load This plan was carried out with one
exception, i.e., at Cameron, a wooden instead of a steel empty car wes
exposed The loaded cars and radiation blanket experiments were identi-
cael at both locations.

Since the study originated in an interest in degradation of
packaged food in cartons, the cars were loaded wath food (canned string
beans and C-rations) and the results have been analyzed with respect
to the position giving maximum storage temperature stress to the
packaged food - the Top Center Carton.3 However, the temperatures at
seventeen other positions were sampled every hour and the summearized
data are presented in tables and graphs in the appendix for the in-
terested reader, although little detailed written comment 1s made on
themn.

The results and conclusions are presented in comparstive form,
sinece thereby it is possible to distinguish purely local effects from
more general rules. Maximum use has been made of tables and graphs
Wratten analysis has been kept to a mnimum, since it is impossible
to define in advance the needs of the reader.

lpredecessor of the present Earth Sciences Iaboratory
ZReferred to heresfter as Cameron

3ror better recoghition, specific measurement positions are capitalized
throughout the report.



Research Metheds and Moterisls

A, Choice of Sites

The climatic and logistic factors on which the choice of the Yuma
site was based have been reviewed in the abbreviated preliminary report
on the Yuma research (1), to which the reader will be frequently re-
ferred for details of materials and methods which were simlar in both
studies.

Cameron was chosen because 1t afforded a site in a humd, sub-
tropical area geographicelly convenient to the home office of the En-
vironmental Protection Division. Climatically, the area is in sharp
contrast to the desert subtropical area at Yuma, although strong heat
accumilation occeurs in storage spaces here also Ideally, a tropical
rain-forest site lake the Canal Zone would be preferable, but the
problems of supply and mesintenance were deemed prohibitive at the tinme.

B. Climatic Suvamary

Since it was found that mean weekly or monthly air temperature in
storage spaces is haighly correlated with mean weekly or monthly out-
gide sir temperature, there is shown below a comparative summary of
mean weekly temperatures at Yums and Ceameron in 1953 (Tsble I), to-
gether with the departure of these values from the 30 year normals
Durang the period of the Yume studies, 13 April to 20 September 1953,
the outside sir mean temperature was 0.3 F° below normal. During the
period 1 June to T Septenber, however, which corresponded to the period
of study at Cemeron Station, it was O 9 F° gbove normsl, while Cameron
outside air mesn temperature was 1.9 F° sbove normal during the same
pericd.

In Tbhle II are shown comparative figures for other climatic
statistics less relevant to prediction of storage temperatures.

The Teble shows that for both stations, the extremes and means were
sufficiently close to the normals to give representative condaitions for
study. Judging by these monthly values, Yums was somewhat cooler than
normel from May through September 1953 while Cameron was considersbly
warmer than normal from June through August.

C. Characteristics of the Research Sites and Situations

The site at Yuma County Air Base (Figures 1, 3, and 5) was light
desert sand plain with numerous small rock fragments, and has been
amply described {1). Prevailing winds in the study period were from
the southwest and south.

At Cameron, the study site (Figures 2, 4, and 6) was at an eleva-
tion of 75 feet, eight miles southwest of the center of Washington, DC,
4 5 mles due west of the Potomac River, and 150 feet north of the main
line of the Southern Railwsy. The boxcars were placed on a spur track
raised 1.5 feet above ground elevation on a gray crushed limestone road-
bed, sbout 40 feet wide. South of this were, successively, a grass strip
4O feet wide, & concrete-lined canal S0 feet wide, another grass strip
50 feet wide and the Southern railroad right-of-way. Six hundred feet
to the south lay wooded hilly country which stretched with lattle set-
tlement 8 miles to the Potomac River. To the southwest and west, similar
terrain extends uninterrupted to the mountains. Prevailing winds are
from the south

North of the boxcars at Cameron lay an ares of gravel freguently
f1lled with parked cars, & grove of trees, a concrete loading apron and
a warehouse, and one quarter mile north a 200 foot hili under cultiva-
tion. DNortheast lay a concrete ares with eight large warehouses.

2



Teble 1

Weekly Mean Outside Alr Temperatures and Departure from Normal

{1931-1960)%
week Ending Study in Progress Weekly Mean Temperature (°F)
Yuma Cameron Yuma Cameron
Mean Departure Mean Departure
19 April Y T3 1 kg -6
26 April Y e 0 61 i
3 May Y 69 -6 6l L
10 May Y Th -2 71 9
17 May Y Tl -7 75 10
2l May Y 79 -1 70 3
31 May Y T2 -10 6l =5
T June Y c 79 -l h 3
1k June Y ¢ 88 3 TL =2
21 June Y c 85 -2 75 1
28 June Y c o1 2 9 3
5 July Y c 95 3 82 5
12 July Y C 96 3 75 -2
19 July Y C 95 1 82 4
26 July Y ¢ 96 2 78 0
4 August Y c 95 0 81 3
10 August Y C ok 0 76 -2
17 August Y C 96 L 7 1
24 August Y C 96 5 T2 -3
31 August Y C 88 -2 83 9
T Septenber Y ¢ 88 =4 © 79 6
1l Septenber Y 93 3 66 -5
20 Septerber Y 89 3 TO 0
Mean 13 April to 20 Sep 85.9 -0.3 72.8 1.7
1 June to T Sep 91.6 09 TT .4 19
Highest normal weekly mean
Week ending 4 August 95 4 August 78

aRe:t‘eren ce u.



Teble IT

Temperature, Wind Speed, and Radiation Extremes and Means at Yuma and
Cameron During Study Period and Period of U.S.W.B. Record

Temperature (°F) Wind Speed Rediation (Iys.)
Absolute Mean Deily Mean (MPH Max Mean
Max Min Max Min Mean Daily Dadlly
Yums® Present 1140  51¢ 102.3 72.1 87.3 8.6 8o T06
Study
Yumsa, Overall
Record 1232 39f 102.8 751 89 0 91 867 699¥
Cameron™
Present Study 103" ugP 87 8 67.8 78 85 5 8 713% 5124
Cameron
Overall Re-
cord 1064 L43¥ 85.2 66.4 75.98 59 Missing 511V

Spate for present study cover period May through September 1953. Data for
"normel" period (overall record) are based on a TO-year record for temperature,
3-year record for wind speed, and radiation observations for 1952. Radiation is
expressed in langleys Reference 5

Y17 August
€1 May
do7 Moy
€geptenber
fMay

Ipate for present study at Cameron cover period June, July, fugust 1953. Data
for overall record are based on a 29-year record for temperature, a 22-year
record for wind speed, and a l2-year record for rediation. Reference 5

N33 August
P18 August

QAugust

r
June

®Does not agree with Table I, since one week in September has been omitted from
data used for Teble II.

t2 June

Upeference 6

VReference T

YReference 8
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SITUATION OF GAMERON BOXCAR

STORAGE TEMPERATURE RESEARCH

1953
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Figure 2. Map of study location - Cameron.
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Figure 3. Map of study site - Yuma.
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Figure 4. Map of study site - Cameron.




Figure Sa. View of Yuma Boxcar Study Site Facing
North - Bmpty Car and Instrument Shelter in Fore-
ground; Weather Bureau Instrument Shelter in Back-
ground.

Figure S5b. View of Yuma Boxcar Study Site - Facing
South.
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At Yuma, the loaded car was oriented at = heading of 205° true,
the empty car being south of it at 211° true. At Cameron, both cars
were oriented at a heeding of 255° true, the empty car being west of
the loaded car.

The Yume site, because_of the spersity of vegetation in all but
the limited irrigated areast near 1t, was inherently a hotter site than
that at Cameron, where the extensive vegetation and the neighboring
reaches of the very wide Potomac Rrver gave much cooling by transpira-
tion and evaporation  However, the mean wind speed at Cameron was re-
duced by the wooded hills in the area (ef. Figures 15, 16).

D. Measurement Materisls and Methods

A loaded and en empty steel car were observed at Yuma. A simlarly
loaded and instrumented steel car was observed at Cameron, but the empty
car observed had a wooden body. Detells of the construction of the cars
are shown i1n Teble IIT  The cars were of standard construction, except
for the Army olive drab color It is doubtful if other colors conven-
tionally used have much lower elbedo

Table ITI

Cheracteristics of Cars
Ioaded Cars at Yums and Cemeron and Empty Cars at Yuma

Inner Iength Lot 6" Capacity 100,000 1bs
Inner Width gt 2" ILoad Limit 124,20C Ibs.
Inner Height 10T 6" Lt. Wt k4,800 1bs
External Height 14t 5%, rails to top

of car
Cu Ft. 3903

Car was new February 1953 Color - dull olive drab

Wooden sheathing inside of car walls from floor to roof height. Wooden
floor

Roof -~ dull asphalt black on top, at Cameron galvenized within, except
at edges of car and ends (over air thermocouples) At these points,
asphalt black in color At Yuma, black on upper and lower surface
throughout.

Empty Car at Cameron

Inner length hor 6" Capacity 100,000 1lbs
Zmre  Ln lowt futt 135,200 hn
exr Helgh . ’ bs
External Height 13* 6", rails to top
of car
Cu. Ft 3364

Car built January 1924  Color - dull olive drsb.

Roof ~ top « gteel painted olive drab. Inside - dark wood.

Walls - dull olive drab outsade (wood). Dark wood inside.

Ends -« dull olave drab outside - corrugated steel. Light wood inside

Lohman has shown that the cooling effect of irrigated areas of Yuma ex-
tends less than 100 feet on the downwind side (9). As Figure 3 shows,
the boxcars studied were much farther than this from any airrigated area.

11



The load was identical at each location (Figure 9, 10), as were
the positions of loed temperature messurement in the loaded cars, with
the exception of Positions XII, XIII, XV, XVI, XVII, XVIII. Teble IV
and Flgures T and 8 show the position number and locabion of the posi=-
trone listed in the graphs and tebles., The wall and surface tempera-
tures (VIII-XI) and the Northeast Corner Carton Air temperatures (XIT
end XITT) were measured in the loaded cer et Yums, while the South-
east and Southwest Corner Bean Certon Air temperature (XVI and XVII)
and & Top Center Bean Carton Air temperature (XVIII) were measured at
Cameron.

Teble IV

Iocation of Tempersture Measurement Positions in Boxcars

I Top Center Carton

IT. Logd Center Carton

I, Bottom Center Carton

Iv. Middle Ieyer Outer Carton Facing West Door (Yums) or
South Door (Cemeron)

V. Middle Iayer Outer Carton Facing Center South End
(Yuma) or East End (Cameron)

VI. Air Temperature Six Inches Below Roof and Eighteen
Inches From Walls* Ioaded Car

VIiT. Air Temperature Six Inches Above ILoad and Eighteen
Inches From Walls: Ioaded Car

VIII. East Door (Yume). Tnside Surface Temperature

IX. West Door (Yums): Inside Surface Tempersture

X. Roof Center (Yuma). Inside Surface Temperature

XI. South End (Yuma) Oubside Surface Tempersture

XTI. Northeast Corner Top Carton (Yums)

XITI. Northeast Gorner Second Iayer Carton (Yuma)

XIV. South Half (Yuma) or East Half (Cameron) Top Carton

XvV. West Half Top Carton (Cameron)

XVI. Southeast Corner Bean Carton (Cameron)

PAZNN Southwest Cornmer Bean Carton (Cameron)

XVIII. Top Center Bean Carton (Cameron)

At both locations, as described in detail in the preliminary
report (1), the load matrix was approximately 1700 cases of string beens,
packed in Wo. 10 cans, 6 cans to a case., Food and csrton air tempera~-
‘tures, however, were usually measured in 8 specially prepared cartons
of Ration, Tndaividual, Combat-C at each location (Figures 11, 12), with
the exception of positions XVI-~XVIII, at Cameron, which were located in
the carton alr of cases of beans, near the top of the cartons.

12
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Figure 9. View of Side of Boxcar and Toad

Figure 10. View of Interior of Boxcar
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TEST CARTON - GOMBAT RATION

A= Carton Air Thermocauple
B = Luncheon Meot! Thermacaugple
G » Rotian Package

Figure 11. View of Thermocouples Figure 12. Diagrem of Iocation
in C Retion Cartons of Thermocouples in C Ration
Cartons

In all other cartons, the air temperature was sampled by means of a
thermocouple suspended between two central or side packages and

2 1/2" veloy carton topl. The food temperature was sampled by a
thermocouple inserted under sterile and gas-tight conditions in the
luncheon meat can of the lower layer of cans, in a central ration
packege, at all food temperature positions except Top Center Carton
at Yume, where a top layer cen was used. In all cartons touching
walls {(IV and V), the air and food thermocouples were on or in a
ration package removed from the one nearest the wall.

Tnstrumentation at Yume was described in the preliminary report
(1). Measurement of temperature at Cameron was carried out with
copper constantan thermocouples, recording on  continuous strip
charts of two electronic recorders, a ILeeds and Northrup Micromax
Recording Potentiometer and a Brown Electronik Recorder. The speci-
Tications of each are shown below:

'Iype_ of Tnstrument Model No. Points Time Per Point Range tFO)
secs.

Ieeds and Northrup S LOOOCO 16 60 -20 - 180

Brown 141648 6 30 0 - 300

Aubient (Outside Air) temperature was measured at Cameron by
a thermocouple suspended at standard height in a standard U.5.W.B.
instrument shelter located 15 feet-south of the track and 38 feet
west of the cars, oriented north-south as shown in Figure L. Wind
speed. and directicn (the latier was not analyzed) were measured by
a Beckman-Whitley wind vane and anemometer located six feet from
the ground and positioned as in Figure L, 18 feet west of the cars
and 15 feet south of the track. The values were recorded on an
Esterline-Angus Recorder.

Al]l electronic equipment was given servicing at least once
weekly, with balancing, standardization, and an ice-bath and amhient
temperature check. ' Temperature checks revesled that the instruments
were usually correct within + 1 FO, and no error was greater then
2 FO. Al errors were included as correction factors inm data re-
duction.

Ipetyween-16 July and 6 August-at Cameron, Top Carton Air temperatures
(1) was measured within the air of a ration package and not between
ration packages, as was the location of Position I at all other times
here and at Yume.

15



Total solar and sky radiation data were cbtained from the U.S.
Weather Bureau. They were collected at American University until
August 5, and thereafter at Silver Hill, Marylend, both stations being
less than 10 miles northeast of the site.

Data reduction was performed on a Telecomputer Corporation system
composed of a Telereader, Teleducer, Program Unit, IBM Electric Type-
writer, and IBM Key Punch {procured from the then Telecomputer Corpore-
tion, Burbank, Cal.). Data analysis was performed on & G.E. 225 Com-
puter.

Three types of reflective insulation blankets were tested for thelir
rediation shielding effect in reducing storage temperature extremes.
The characteristics of these are shown in Teble V.
Teble V

Charscteristies of Insulation Blankets

lebel Menufacturer Type Thickness Density
and (in.) (lvs/sq. ft.)
Trade Name
Foil-facedl Reynolds Metals Sheet of re- Neglaigible 0.05
Kraft Paper Co. flective aluminum
honded to one side
"Type C" of heavy, dark-brown
kraft paper
Foil-faced®  Owens-Corning  Sheet of reflective 1 075
"Fiberglas" Fiberglas Corp. aluminum bonded to
Blanket No. 1 "Aerocor" "fiberglas" blanket
Foil-faced®  Gustin-Bacon Sheet of reflective 2 075
Glass fiver Menufacturing aluminum bonded to
Blanket No. 2 Co. insulating fiber
"Ultralite" blanket

1
Purchased at wholesale market prices after receiving bids

2
Furnighed at nominal cost for study by one of the three major suppliers
of this item who were contacted.

The blankets were tested simultancously at Yume and Cameron, aftexr
a control periocd of one week, 5 through 10 August, during which Posi-
tions XII through XV were connected to the recorder and allowed to
record without radaation blanket protection  Thereasfter, for periods
of one or two weeks, interspersed occasionally with control days (25
August and 1 September, Figures 56, 5T7), the various blankets were
tested separately at the two locations, untal the close of the study.

One or two Top Carton Air positions were always left uncovered
as control on the blanket tests, the position being occasionally altered
to avoild a consistent bias. The control position will be obvious on
the graphs and tables, since blanket-covered positions are alwaeys so
labeled.

E. ILimitations of the Comparative Study

The study, of necessity, hed limtations of precision and scope,
most of which are detailed in the preliminary report (1). It would
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now appear, after detasaled computer analysis, that such of these limita-
tions as applied both to the precision and to the generality of the study
results are less restrictive than was supposed at the tame of the fileld
work  First, computer analysis revealed high consistency of means and
extremes at comparasbly located positions, supporting the accuracy of the
data. Second, the predictive relations derived from the Cemeron study
are very similar to those for Yuma, and thus serve to support the latter
study in both a different location and a different and less severe
climate.

Possibly the greatest limitation to the generality of the study
lies 1n the large effect of heaght (withain the storage space) and
degree of protection on extreme temperatures in storage. Temperatures
vere measured, for the most part, in C-Ration cartons protected by an
Overseas Sleeve of so-called "V-Board" in addition to the corrugated
board of the carton. In additiony thedfood temperatures were measured
wathin a can contained in yet sncther cardbosrd layer, that of the
ration package. Judging from the large effechs of such layers in sup-
pressing daily temperature extremes, which are reported below, 1t would
now appear to have been advissble to sample more air temperatures in
less protected cartons, like that at the very top of one of the matrix
caseés of canned straing beans. A limited amount of such observetion was
performed in July at Cameron, but with a different recorder, the results
from which are not as relisble as ‘those from the Leeds and Northrup
instrument, beceuse of uncerteinties in the balancing and standardiza-
tion process.

Research Results at Cameron Compared to Yuma

A, The Hottest Day

Absolute extremes for the period of study at Yums were shown in
detail in the preliminary report (1). As in that study, the targets
of analysis an thais comparative report are the Critical Top Center Car-
tonr Air and Food temperatures since, as noted sbove, the study originated
in an interest in the worst conditiohs for packeged food degrsdation.
The most extreme day with reference to this position at Cameron was 30
July (Figure 14), vhereas at Yuma it was 13 August (Figure 13). Com-
perative temperatures at various positions for these two days are shown
below in Table VI, derived from Figures 13 and 1k.

Table VI
Comparative Hottest Day Temperstures at Yuma and Cemeron
Position Temperaturs® (°F)

Maximum Minimuam Meaﬁb

Yuma - 13 August

Roof Air 1%9 76 112
Arvbient Air 110 82 96
Top Center Carton Aar 117 o4 106
Top Center Carton Food 112 of 10h
Buried Icad Food® 98 97 98

Cameron - 30 July

Roof Aar 139 76 108
Anbient Air 100 70 85
Top Center Carton Air 101 82 91
Top Center Carton Food 91 85 88
Load Center Carton Food 81 79 80

8Derived from hourly observations Inter-hourly values may daffer
slightly. See (1).

bperived from (Meximum == Minimm}/2.

CDerived from Middle ILayer Outer Carton Food Temperatures at West
Door and South End, both of which showed the same values.
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Top Center Carton Alr temperature meximum was 16 FO less at Cameron
thean at Yums, whereas Roof Air tempersiure was only 10 F© less. Indeed,
on 31 August at Cameron, another exuvremely hot day, when Roof Air tem-
perature regched its all-summer maximam of 145°F (interhourly), Top
Carton Air temperature only resched 97°F  Thus, slthough all-summer
maximum end wesn Roof Air temperature were within 5-6 F© at the two
locations, the difference between the corresponding Top Carton Air
Temperstures &t the two locations is considerasbly grester, 15-18 ¥°.
This is probably the most pronounced difference in tempersture behavior
between the boxcars at the wwo locatlons, which in ofher statistics,
show 2 similar response to external heat stress

For eyample, the conservatism of bthe Load Center temperature deily
cycle is similar at both stations, as is the reduction in temperature
at this position in contrast to the Top Center Carton

This exemplified the pronounced effect of position of meassurement
and degree of protection, which is one of the salient results of these
studies There is, thus, 45-60 FO difference between the maxlime at
different positions within the same car, and indeed, within 7 1/2 Itet
in actusl distance Indeed, in the summer, there is olien more rangu
of temperature within the air of one boxcar than in the ambient tempera-
tures throughout the United States at a given time

B. Regression of Weekly Mean Top Carton Alr Temperature and Roof
Air Tempersture on Weekly Mgan Outside Air Temperature

As found in pilot analyses of mean storage temperafures derived
from maxima and minime in the Yume boxcar and Yuma Dump Storage
Studies {1, 10), it was found in the detailed computer asnalysis of
the Cameron and Yume data reporited herein that there was a high degree
of correlation bhetween weekly mean Top Carton Air and Roof Alr tempera-
tures and weekly mean Outside {Ambient) Air temperatures at both
Jocations, and that the linear regression equations developed had
similar constants

4 plot of the weekly mean temperatures for Yuma and Cameron
used in this regression snalysis versus time is shown in Figures 15
and 16 Values gre shown in Tables V1Y and VIII. Similar means for
windepeed and total weekly solar and sky radistion are shown, since
multiple regression equdetions were computed using them, although the
correlation coefficients were found to be low for these latier two
parameters

A prominent feature of Figure 15 is the srrival of the Cone-
tinental Tropical - Maritime Tropical dewpoint “"front" at Yuma on 29
June, This is the intermibent arrival of air of higher dewpoint
which has moved from the Gulf of Mexico at high levels 1t is dis~
cussed at length elsewhere {9, 10, 11}, The effect, plainly seen in
Figure 15, is a drop in weekly total radiation, a pronounced rise in
ambient and storage night-time minimum temperatures, and a corresponding
rige in mean anbient and storsge temperatures, since ithe waxiuws are
1ittle affected (11). Thus the highest ambirent and storage mean tempera-
tures occur under conditiong of reduced toval incoming as well as out-
going radiation It is the reduccion of the amount of outgoing long
wave radiation, especlally at night, which causes the large excess of
sengible heat after the arrival of the moister aar

This effect is not found at Camercon, as Figure 16 shows  How-
ever, at both locations, the close relation of storage and anbient mean
temperatures is plain, the relation holding both before and after the
"front" at Tma with equal validity
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AMBIENT AND TOP CARTONS - TEMPERATURE (°F)

CAMERON BOXCAR STUDY
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Teble VII

Weekly Mean Storage and Ambient Temperatures,
Wand Speeds, and Totel Weekly Radiation

Yuna
No. of Week® Top Roof Ambient  Wind Rediation
Period Ending Carton  Air Air Speed (langleys)
Air (°F) (oF) (°F) (mph)
1 19 Apr 78.8 83.3 T3.6 9 3 Lol ,1
2 26 81.6 85.5 73.3 9.9 3902.4
3 3 May 76.9 76.9 68.9 14.8 4827 6
N 10 82.0 86.1 T75.2 10.0 5445.3
5 17 79 9 82.1 T70.7 9.6 5226.9
6 ol 88.0 92.6 T79.6 10 ¢ 5432.0
7 31 82.7 85.0 T2.2 10.9 5551.5
8 7 Jun 86.9 80.9 781 9 8 5210.0
9% 14 90.1 98 4  87.6 93 5321 3
io 2l 93 7 98.0 852 97 5507 3
112 28 105 O 130.8 918 8 8 Ehse.o
128 5 July 99.8 102.0  94.8 10.5 80k4.5
13 12 101.7 104.9 ok.7 10k 4831.4
1k 19 102.1 104.6 9h.1 12 1 Loko .8
15 26 103 2 044 955 13 0 3400 0
16 2 Aug 100 8 101.8 92.6 10.4 3590.5
17 9 101.6 103.5 92.5 8.5 5057 .5
18 16 1ok 4 106.4 95.4 7.6 hik b
19 23 102.8 103.8 95.6 10 6 4803.5
20 30 97 3 95.5 87.6 11.4 4740.9
21b 6 Sept 95.3 97.6 86.7 7.1 L7h8.1
gob 13 97.9 101.3 92.5 6.7 4s5kg.5
23b 20 96.7 96.6 88.5 81 4273.2

Number of Hourly Observations

No. of Top Carton Air Roof Air Ambient Air Wind Speed
Period

1 158 128 168 141
2 158 158 168 155
3 168 168 168 165
4 168 168 168 156
5 168 168 168 155
6 168 168 168 147
T 167 167 168 149
8 168 168 168 152
9= 33 33 168 148
10 129 126 168 148
1la 6 6 168 139
128 95 95 168 158
13 166 166 168 160
1 168 168 168 163
15 168 168 168 161
16 168 168 168 160
17 168 167 168 158
18 168 168 168 149
19 168 168 168 167
{cont'd)
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Table VII (cont'd)
Number of Hourly Observations

No. of Top Carton Air Roof Air Anbient Air Wind Speed
Period

20 168 167 168 160
21b 168 165 168 138
2¢b 168 168 168 131
23b 168 168 168 130

%ot used in correlation bhecause of lncomplete number of chservations.
(See lower table).

Prot used in correlastion since Top Carten Air position covered by
aluminum foil

CDates of periods used in correlation do not coincide with perlods
used in frequency distributions, since the latter were adjusted to
coincide with changes in the progrem of insulating blanket testing.
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Figures 17 and 18 are plots of ambient versus storage temperature
weekly means to show more plainly the degree of correlation  The
linear regression lines and the mean poaint used for each line are also
shown. On Figure 17 for Yuma, the regression lines for Cameron have
been superimposed on the plots, together with a few of the polnts at
the extremes of the distrabution The relatively good agreement of
the reletions at the two locations, particularly in Top Carton Air
temperature, is clear. Since in Figure 17 there is a thirty degree
range of mean weekly Top Carton Air temperature, the agreement lends
much support to the gemerality of the relationships.

Teble IX shows the linear regression equations and mltiple
linear regression correlation coefficients developed in this study.
The high correlation with mean arbient weekly temperature and low
negative correlation with wind speed 1s plain at both locations.
However, the low negative correlation with total weekly raediation at
Yuma is replaced by & moderately high positive correlation at Cameron
This is & direct and somewhet misleading result of the dewpoint "frout"
at Yuma mentioned above, which temporarily reduces total dailly radia-
tion, but increeses mean storage and ambient temperature  This does
not occur at Cameron, at least within the period studied, since the
general summer southwesterly flow of Maritime Tropical moist ailr begins
quite early there. Therefore, the positive correlation with radiation
appears, which would show up at Yuma, were the study period twice as

long.

In any case, 1t is clear that the multiple linear correlation
coefficients are relatively lattle increased by the addition of radia-
tion or wind speed (except, perhaps, for Roof Air temperature in the
loaded car at Cameron). Period means of storage temperature correlate
most closely with ambient temperature means in thelr complex response
to radiation, advected heat, and wind. Therefore, while certainly not
the ceusative agent,; mean sgbient temperature i1s an effective pre-
dactor of mean storage temperature.

C. Means and Freguency Distrabutions of Hourly Temperasture

Percentage frequency distributions of hourly temperatures, means,
standard deviations, some extremes, and nunbers of observations at
the eighteen positions observed in this study are shown in Tebles X-
LV and Fagures 19-55 for the totel peracd and each week of the research
period at Yuma and Cemeron  The weeks used in these tables do not
necessarily coincide with those for the regression line computations,
since the perlods used in the frequency distrabutions have been ad-
Justed to coincide with times of insulation blanket changes.

In both maximum and mean temperatbure, the Top Center Carton is
by far the most critical carton studied (Tebles VII, VIII, X~-XIII,
XXXVII, XOVIIT and Figures 13, 14, 19, and 20), In fact, although
their maximum temperatures were greatly different, the mean tempera-
ture of Top Center Carton Air for the total period was only 2 FO less
then that of Roof Alr at Yums eand 5 FO at Cemeron (Figure 17, 18).
This was caused by the nightly cooling of Roof Air to temperatures
5-7 F° below Top Carton Air for 12-1k hours per day (Figure 13).
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FREQUENCY {*/}

YUMA BOXCAR STORAGE
13 APRIL-31 AUGUST 1953
FREQUENCIES, MEANS,AND
STANDARD DEVIATIONS OF
HOURLY TEMP. OBSERVATIONS
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Figure 19. Means, frequencies, end standeard deviations of temperature
ohservations for total period - Yuma.
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CAMERON STATION BOXCAR STORAGE

1 JUNE-1 SEPTEMBER 1953
FREQUENCIES, MEANS
AND STANDARD DEVIATIONS OF
HOURLY OBSERVATIONS
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Figure 20 Means, frequencies, and standard deviations of temperature
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cbservations for total peried - Cameron
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The varisbility of hourly Top Carton Alxr temperatures around the
mean for the week is shown in the following summary:

Nurber of Weekly Periods as Fraction Yarber of Degrees
of Total Number for which Two Standaxd Required to be Added
Deviations Added to Mean Gives Maximum: to Mean to Include
Maximum for all Periods
(F°)
Within 1 F°  Within 2 F° Greater Than 2 F°
Y 15/21 21/21 cmmomom- 18
Cameron
12/1h 13/1k h/1k 15

The similarity of the figures for Yuma and Cameron in the last
column of the suumary, i1.e., the greatest nunber of degrees which must
be added to the mean of each period to include the maximum for that
period, suggest that the use of 20 F° added to the predicted storage
alr tempersture mean for a period is a safe figure in the divergent
locations studied to predict the maximum for that pericd

The consistency of the frequency distributions is shown in
Tagures 58 and 59, in which weekly standard devistion of Top Center
Carton Air i1s plotted asgainst the corresponding Ambient Air standard
deviation. For Yuma, 15 out of 18 carton temperature standard devia-
tions are between 6 and 8 FO, while for Cameron, essentially 10 out
of 13 are between § and 7 FO, In both figures, the hotter weeks have
heen shown by open circles, which at Yums occur after the dewpoint
"front". The standard deviations of these hot weeks tend to be lower
and less varisble than for other weeks at Yume. At Cameron, standard
deviations of hot weeks are intermediate but also less varisble than
for cool weeks  Thus, the temperature frequency distributions of
critical hot weeks are more predichtable

For a glven week the mean temperature of all cartons are within
10 FO, in general, but, as noted for thethottest day, .ahove, therload
center cartons are very conservative an the weekly temperature cycle,
as compared to the large range of the top layer cartons  Thus, the
same effect of position and degree of protection operates on the
weekly maximum carton alr temperatures which are 20 FC higher in the
top layer than withain the buried load It would seem advisable for
shippers to give serious thought to the possibilities of loading
dummy cartons protected by reflective insulation sbove the actual
load for items sensitive to temporary excesses of temperature over
certaan discrete limts. Indeed; the brevity of the mid-day pulse
of strong incomng solar radiation, as it is transmitited to the load,
and the long nmight-time period available for recovery by emssion of
rediation, place a premium on all forms of protection which smooth
the mid-day peaks of the cycle.

D. Predaction of Actual and Effective Mean Carton Air Tempera-
tures with Respect to Sterile Food Degradation

Weekly mean air temperature in storage can be predicted with a
hgh confidence level from exbient meen temperastures by use of the
appropriate relation from Teble IX or Figures 17 and 18, part III-2
above., Also, because of the consastency of freguency distribution,
quite religble predicted frequency distributions of hourly Top Carton
Air temperatures with referemce to each predicted mean may be con-
structed; by the Judiciocus use of the appropriate deta from Tebles
XII-LV. Total predicted storage temperature frequency distribution
for a period comprising a nurber of weeks may then be obtained by
addition of the component freguency distributions
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Figure 58. Variability of storage and embient air temperatures - Yuma.
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The method of computing an effective mean storage tempersiure
for uge in lasboratory simulation of predicted storage stress under
variable temperature conditions has been extensively dascussed else-
where (10). This, of course, presupposes & known relationship of
relative rate of degraedation and temperature. Such a relation often
approximates an exponential function wath so-called Qio of 2 (i.e.,
doubling of reaction rate with every 10°C or 18°F rise 14 temperature).

If such a relationship is known, one way compute the total rela-
tive degradation corresponding to the tame spend at each temperature
of the frequency distribution for the total period concarned. From
this; a mean relative degradation rate for the period may be computed,
which corresponds to one temperature, the effective mean temperature
for storage. Such computatlons based on @y of 2 are shown in
Tablas LVI-IVIII for both the Top Cenmter Carton Arr and Food tempers-
ture frequency distributions at Yume and Cameron° The difference
between effective mean and arithmetic mean is 3 F° or less in all
cases. Table LIX shows the relative degradation rates corresponding
to Qyq of 2 at various temperatures of storage.

Alternatively, one mey compute the effective temperature increment
representing the weekly fluctuation by using frequency data for the
weekly period with the greetest storsge temperature range, as in Tebles
IX and IXI, and add thls to the effective mean temperaturs cobiained
by computation from the predicted mean storage temperatures for the
several wesks of the period, as in Table ILXITI. The results usuvally
differ from those by the first method by one degree or less, and the
method hed the advantage of greater simplicity. For example, the
increment due to the fluctuation within the week is approximately
1.5 ¥O,whnle the effective mean of all the weekly mean Top carton aar
temperatures at Yuma happens to be also 1.5 FO higher than the arith-
metic mean (93.9-92.%4), Thus, the totel increment 1s 3.0 FO, in this
cagse, exactly the same figure as that obtained by the fairst method

E. Effect of Reflective Insulation in Radiation Shielding

Three types of reflective insulation (Part II-h, sbove) were
tested as means of reducing daily meximum Top Carton Air temperatures.
Tebles IXTII-LXVI show the effects of these tests on mean and maximum
temperatures, together with the same data for the control week ending
10 August at both locations, when the newly located positions were
left uncovered  The seme results are covered in wore extended form
in Tables XI, XIII, ¥XTI, XXIX, XXXVIT-XLII and Figures 35-kl and 51-
57

One may conclude from the data of Tebles IXITI-LXVI that, both
at Yume end Cemeron, the effect of these coverings on the mean Top
Carton Air temperature was not pronounced, resulbing in a lowering of
less than 5 FC in all cases.

There was, however, a much more pronounced effect on the maximam
temperatures, a reduction of 6-10 FO at Cameron sod 10-15 FO at Yums
being common, in contrast with the control positions  Since the con-
trols were both concurrent {one top layer position covered, the other
simultaneously bare} and successive {the sawe top layer position first
covered, then bare), and since the effects are demonstrated at both
Yuma and Cameron, one may conclude thet maximum temperatures are
merkedly lowered by these measures  However, the graphs reveal that
minimun temperatures are raised somewhat, accounting for the much
smaller effect on the mean
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